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Abstract 
Due to the orientation of the defects found in the vessels of Doel 3 and Tihange 2 Belgian nuclear power plants, those defects 
will be loaded in mixed mode (predominantly mode II). Based on this study, it is recommended for brittle failure to use the 
conservative R6 failure criterion and the normal stress propagation angle. For fatigue, the normal stress propagation angle can be 
used. For the crack propagation rate, no consensus is found in the literature, therefore the most conservative propagation rate is 
recommended. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Many defects were detected in the vessels of Doel 3 and Tihange 2 during the in-service inspection of both plants
see FANC (2013). The defects are laminar (parallel to the internal surface) with a tilt angle of in the order of 
10 degree. In nuclear codes, the defects that need to be considered are semi-elliptical (internal or external) 
circumferential or axial cracks. Those defects are indeed more challenging as they are perpendicular to the large 
tensile axial or circumferential stresses. In addition, radial stresses perpendicular to laminar flaws are in 
compression, resulting in a tendency to close the flaw. 
* Corresponding author. Tel.: +32-14333043;fax werkt niet meer. 
E-mail address: mscibett@sckcen.be 
 2014 Elsevier Ltd. Open access under CC BY-NC-ND license. 
lection and peer-review under r sponsibility of the Norwegian University of Science and Tech ology (NTNU), Department 
of Structural Engineering
848   Marc Scibetta /  Procedia Materials Science  3 ( 2014 )  847 – 854 
 
Based on engineering judgment, it is expected that those flaws will be subjected to mixed mode loading. In the 
nuclear regulatory codes and standards, integrity assessment is predominantly considering mode I loading. Elements 
that explain the situation are 1) nuclear metallic material are rather isotropic, 2) for isotropic material, mode I 
loading is the most severe loading condition, 3) for isotropic material, crack tends to form and propagate under 
mode I loading. As mixed-mode fracture is expected and is not strongly supported in existing code, this research is 
conducted to 1) review the driving force theory for mixed mode fracture, 2) estimate the loading conditions relevant 
to the Doel 3/Tihange 2 case, 3) review codes and standards, 4) investigate mixed mode brittle failure and fatigue. 
This work is limited to materials that can be considered as sufficiently isotropic. 
2. Evaluation of mixed mode driving force 
In linear elastic fracture mechanics, stress intensity factor for mode I, II and III are defined from the asymptotic 
behavior of the opening stress, the plane shear and out of plane shear. For arbitrary geometry and loading 
conditions, the stress intensity factor is obtained from pre-programmed post processing functions that are available 
in the majority of general purpose finite element codes. For specific geometries and loading conditions, stress 
intensity factor in mixed-mode loading can also be obtained from handbooks or scientific literature.  
Under elastic plastic conditions and proportional loading, the Jk-integrals (k=x or y) and JIII are defined by 
Shivakumar and Raju (1992). An alternative approach is to decompose the displacement and stress fields into a sum 
of symmetric, in plane anti-symmetric and out-of-plane anti-symmetric components see Rigby et al. (1998). For 
mixed mode fracture toughness testing under elastic plastic conditions, Jx-integral can be calculated as the sum of 
the elastic component and the plastic component. The plastic component is proportional to the plastic energy using 
an eta-factor that depends on the specimen geometry see Recho et al. (2004). It should be noted that the evaluation 
of stress intensity factor in linear elastic conditions under mixed mode fracture is rather well established. For elastic 
plastic condition, practical methods for J-integral evaluation under mixed mode fracture are more limited. 
3. Relevant loading condition 
In order to have a good idea of the stresses relevant for the integrity study of a reactor vessel in normal and 
transient loading conditions, an infinite thick cylinder (internal and external radius of 2000 and 2200 mm 
respectively) subject to an internal pressure (15 MPa) and a linear temperature gradient (internal and external 
temperature of 280 and 300 °C respectively) can be easily calculated analytically. Taking a Young modulus of 
200 GPa, a Poisson ratio of 0.3 and a thermal expansion coefficient of 1.2 10-5/°C, gives at the internal surface, 
circumferential, axial and radial stresses of respectively 193.9, 108.9 and -15 MPa.  
In the Doel 3 and Tihange 2 safety case, a single crack can be, in a first approximation, modelled as a penny 
shaped slant crack under biaxial loading in an infinite body. The slant crack is illustrated inFig .1(a) where a is the 
crack radius, E the slant angle, D the biaxial ratio, V the applied stress and T the circumferential polar coordinate. 
The equation for the stress intensity factors are taken from Tada et al. (1986). It should be noted that mode III is not 
activated in this configuration. Therefore, it is expected that mode III will not be very relevant for the safety case.  
When KI is negative KI is set to zero, the crack faces are in contact. Assuming that the crack faces are sliding 
without friction, KII remains unchanged. The maximum stress intensity along the crack front in mode II is obtained 
for T =0°. In order to assess the relative importance of mode I and II, the angle M is introduced as the arctangent of 
the ratio of KII to KI. For M above 45° the mode II is predominant over mode I. The sensitivity of M to the slant angle 
and the biaxial ratio is illustrated in Fig. 1 (b). For situation representative of Doel 2/Tihange 3 (i.e. V=200 MPa 
a=10 mm, E=10° and D=-0.1), mode II is predominant and the crack is closed due to the compressive stresses. The 
magnitude of the stress intensity factor (expressed in term of an equivalent stress intensity factor) is very limited 
(~4 MPam) under relevant loading condition and increases with the tilt angle. Due to the small plastic zone size 
relative to the crack size, the use of linear elastic fracture mechanics can probably be used in most of the safety 
assessment of Doel 2/Tihange 3 avoiding the more complex elastic plastic mixed mode fracture mechanics.  
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Large amplitude cyclic loading condition of the reactor pressure vessel is related to startup and shutdown. The 
anticipated number of cycles is limited to about 200. Small amplitude loading cycle could be introduced by small 
pressure variation, power variation or unstable flow. The number of cycle is larger but the amplitude is low resulting 
in limited contribution to fatigue crack propagation. 
 
Fig. 1 (a) Cut out of a slant penny shaped crack under biaxial loading condition. (b) Relative importance of the mode II loading (M=90 in pure 
mode II) and equivalent stress intensity factor as a function of the tilt angle and for different biaxiality ratio (D = 0, -0.05 and -0.1). Calculation 
done with circumferential stress V=200 MPa and crack size a=10 mm. 
4. Code and standard 
Information on the treatment of mixed mode fracture in code is found in the RCC-M (2007) and R6 (2001) code. 
In the French code RCC-M A16.8123, provision is made to calculate an equivalent stress intensity factor in case of 
multi-axial loading based on an energy approach. The R6 code, accounts for flaws subjected to mixed mode loading 
under brittle failure mode. Flaws can be either analyzed directly or alternatively analysis of the projected flaw in 
reference planes can be done. The basic idea is to define an effective stress intensity factor to be compared to the 
material toughness. The effective stress intensity equations are different for high and low fracture toughness 
materials. Those equations are represented in a graphical form in Fig. 2 (b) of the next section. When data point 
remains below the curve no fracture toughness initiation is predicted. Therefore the equations for the low toughness 
material are relatively more conservative than for the high toughness material. 
No standard test methods for the measurement of fracture toughness of metallic material in mixed mode exists. 
However such a standard exists for materials that are strongly anisotropic (see ASTM D6671 (2006)). The R6 code 
provides additional useful information in the status notes III.5.7: 1) no standard specimen for mixed mode fracture is 
accepted, 2) pure mode II or mode III test method exists but test results are subject to user interpretation, 3) in pure 
mode III, it is difficult to generate brittle failure, 4) toughness in mode II is generally larger than in mode I except 
when the plastic zone size is very small (for example high strength steel tested at -200°C). Therefore the R6 is 
considered conservative for KIc<0.2Vy MPam. This conservatism could be relaxed if the user is able to support that 
KIIc>KIc, 5) theoretical and experimental studies have shown that mode II causes loss of constraint that increases the 
apparent toughness. Therefore, the R6 approach is considered to be conservative. 
5. Brittle failure 
In the literature some very general failure criteria for mixed mode fracture are proposed e.g. Reeder (2006) such 
as  (KI/KIc)m +(KII/KIIc)n +(KIII/KIIIc)o ≥1 where m, n, o, KIc, KIIc and KIIIc are material constant that also dependent 
on the crack plane orientation and crack propagation direction for anisotropic material. Such formulation is very 
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general but impractical as the accurate experimental identification on actual material presenting scatter would 
require tremendous effort. 
For practical application and eventual experimental validation, failure criteria and crack propagation angle are 
based on some hypothesis. Based on micro-mechanism of failure, it is possible to define a local quantity that should 
exceed a specified value to trigger brittle failure initiation. The angular position of the maximum value of this local 
quantity is used to predict the propagation angle. An effective stress intensity factor based on a combination of mode 
I, II and eventually III is defined such that the local quantity is constant for a fixed effective stress intensity factor 
and such that the effective stress intensity factor reduces to KI in pure mode I loading. This equivalent stress 
intensity factor is therefore used as a failure criterion. The review of possible failure criteria, performed by Fisher 
(1984) and Shixiang (2005), identifies the following local quantities to establish propagation angle and effective 
stress intensity factors: 1) maximum normal stress, 2) maximum normal strain, 3) maximum principal strain, 4) 
minimum strain energy density (also called Shi criterion), 5) maximum energy release rate of an infinitesimal kink 
Anderson (2005). In the literature, the stress and strain field ahead of the crack is taken from the analytical elastic 
solution (or HRR field see for example Maccagno and Knott (1991) for the circumferential stress), therefore it is 
straightforward to obtain those criteria in a spreadsheet. 
In order to provide guidance to the most appropriate criteria, the brittle failure mechanism of reactor pressure 
vessel steel should be taken into account. The most widely accepted local approach models are: 1) the Anderson and 
Dodds (1993) criterion that relies on the volume of material loaded above a fixed maximum principal stress, 2) the 
Beremin (1993) model that relies on the integration over a process zone of a power function of the maximum 
principal stress, 3) the Bordet et al. (2005) model  which is an extension of the Beremin model taking into account 
strain for the nucleation part, 4) the Margolin et al. (2008) which is an extension of the Beremin model taking into 
account a more complex nucleation function, 5) the Wallin and Laukkanen (2007) WST model which combines 
initiation and propagation criteria, 6) the threshold stress modification in Petti and Dodds (2005) for which stress 
below a given threshold does not contribute to the failure probability. In all models, fracture initiates as a 
consequence of the rupture of a defect (typically a carbide or inclusion). In all cases the maximum principal stress is 
the main element to trigger initiation. Therefore for the Doel 3 and Tihange 2 safety case, the normal stress criterion 
is at first sight the most relevant. 
Experimental validation of the propagation angle and effective stress intensity factor is generally obtained on 
brittle material with low scatter such as some polymethylmethacrylate Maccagno and Knott (1989). Direct 
validation on low alloy steel is more difficult due to the scatter associated with such materials. Some tentative 
validation has been performed in the lower transition region on low carbon steel Maccagno and Knott (1991). This 
is the most extensive work found in the literature that has been performed on a material close to actual reactor 
pressure vessel steel. Very limited experimental results were also obtained on actual reactor pressure vessels steel in 
mixed mode using a compression ring Prabel et al. (2008). The study concentrates mainly on predicting crack speed 
and trajectory. The normal stress criterion was deemed successful. 
The data in Maccagno and Knott (1991) are available in tabulated form and were therefore easily reevaluated in 
order to assess the different criterion. The predicted propagation angle given in Fig. 2 (a) is very similar for each 
criterion, although differences are increasing when mode II becomes predominant. Scatter of experimental data does 
not allow identifying the most appropriate model. Therefore the normal stress criterion is recommended as this 
model is reflecting the cleavage fracture mechanism and is able to predict relatively well the crack propagation 
angle as a function of the relative importance of mode II. 
The fracture locus is given in Fig. 2 (b). As already stated, the R6 code for low toughness material is more 
conservative than the RCC-M code especially for pure mode II. Except for the cut off, the R6 code for low 
toughness material is equivalent to the normal stress and to the energy release of an infinitesimal kink criterion. For 
pure mode II, the fracture toughness predicted by the different model is lower than the fracture toughness in mode I 
and varies from 1 to 0.48 KIc. However, experimental data of specimens nearly loaded in pure mode II shows that 
the fracture toughness in mode II is larger than for mode I, which is most probably due to lower constraint level in 
mode II compared to mode I. It is verified that the?? at the maximum normal stress location, the shear stress is zero. 
Therefore, the maximum normal stress is verified to be identical to the maximum principal stress criterion (under 
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linear elastic condition). For the strain tensor, the maximum normal strain is not identical to the maximum principal 
strain yielding to two different criteria. Models based on strain are found to be over conservative. A relatively large 
experimental scatter is observed although tests were performed in the lower transition region (KIc~20 to 40 
MPam). The R6 code for low toughness material is conservative and relies on the normal stress criterion which is 
the important parameter in brittle failure.  Therefore, this criterion is recommended. 
  
Fig. 2 (a) Propagation angle (b) Fracture locus for five different steel compared to different criterion. 
6. Fatigue propagation 
Most of the literature on fatigue crack growth is based on mode I loading. The engineering model for fatigue 
provides engineering law of the growth per stress cycle as a function of the stress intensity range, the stress intensity 
ratio and the history. The simplest but most widely used fatigue crack propagation law is given by the Paris law. The 
Paris law applies in the linear elastic fracture regime in mode I loading and does not take into account short crack 
effect, crack closure effect, mean stress effect and history effect. The threshold stress intensity factor to be used 
under mixed mode fracture is also reviewed in Qian and Fatemi (1996) but is outside the scope of this report as the 
conservative Paris law is generally used in structural safety assessment.   
Similarly to brittle failure, the prediction of crack growth rate and crack propagation angle can be obtained based 
on a micro-mechanism. Authors generally suppose that the amplitude of a local quantity should reach a given level 
to produce certain crack growth rate. The angular position of the maximum value of this quantity can be used to 
predict the propagation angle. An effective amplitude of the stress intensity factor based on a combination for mode 
I, II and eventually III is defined such that the amplitude of the local quantity is constant for a fixed effective 
amplitude stress intensity factor and such that the effective amplitude stress intensity factor reduces to 'KI in pure 
mode I loading. The effective amplitude stress intensity factor is therefore used in the Paris law. The review by Qian 
and Fatemi (1996) identifies six local criteria for crack propagation angle and six local criteria for crack propagation 
rate. Criteria for the crack propagation angle are: 1) maximum normal stress, 2) maximum principal strain, 3) 
minimum strain energy density (also called Shi criterion), 4) minimum dilatation strain energy density (variant of 
the Shi criterion), 5) J-criterion (propagation along the maximum J-integral vector), 6) CTOD (propagation along 
the maximum crack opening vector composed of crack tip opening displacement and crack tip opening sliding). The 
first three criteria are identical to the ones reviewed in Fisher (1984) and lead to the same propagation angle as in 
Fisher (1984). The authors identify the normal stress and minimum strain energy density as the most widely used 
criteria.  
The review in by Qian and Fatemi (1996) identifies six local criteria for crack propagation rate: 1) maximum 
normal stress, 2) minimum strain energy density (also called Shi criterion), 3) plastic strip, 4) crack tip reverse 
plastic zone, 5) sum of crack tip opening displacement and crack tip opening sliding, 6) equivalent strain intensity 
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factor range, 7) accumulated crack tip opening and crack tip sliding plastic displacements. The two first criteria are 
identical to the ones reviewed in Fisher (1984). Unfortunately, the authors were unable to identify the recommended 
criteria closest to the experimental data. 
It should be noted that for aluminium material and eventually for steel, none of the normal stress and strain 
energy density is able to predict the proper propagation angle, see Otsuka et al. (1987). For those materials two 
regimes can be found, namely, the tensile and shear growth. According to Otsuka et al. (1987), for tensile growth the 
maximum normal stress is an appropriate criterion to predict the crack propagation angle and for shear growth, the 
propagation direction is given by the maximum shear stress. For mode II dominant loading, both shear and tensile 
growth can be observed. Depending on the propagation mode, the propagation angle can be very different. It should 
be noted that after sufficient propagation, shear propagation crack of Al 7075-T6 reorient in pure mode I loading. 
The same phenomenon was observed for steel in Otsuka (1975), where shear crack growth reorients along tensile 
crack growth after limited crack extension. Therefore, extended shear crack growth is not expected for steel.  
It should be noted that experimental scatter and the difficulties in performing controlled mixed mode fatigue 
experiments contribute to the difficulties in identifying the most appropriate criteria. Propagation angle from the 
different criteria clearly indicates that any mixed mode crack subjected to fatigue will propagate under an angle that 
will produce a crack that will quickly evolve in pure Mode I. 
In the validity domain of the Paris law, crack growth is not a strong function of microstructure or monotonic flow 
properties, see Anderson (2005). Fatigue will depend on the cyclic stress-strain curve and hysteresis. Local slip at 
± 45° of the crack plane will produce typical striation (one striation is not necessarily associated with one cycle but 
with a number of cycle to re blunt the crack tip). As the fatigue mechanism in mode I is associated with slip band in 
the ± 45° plane but producing crack propagation in the crack plane, it is not clear which is the micro-mechanical 
parameter that actually controls the crack growth.  
A micro-mechanical model allowing for crack propagation direction and crack growth prediction is used in Ding 
(2007). This criterion is based on the work presented in Jang (2000). Several micro-mechanical fatigue models are 
reviewed in Jang (2000). Those models are based on the sum or product of strain amplitude and stress. The most 
advanced model developed in Jang (2000) states that the damage increment per plastic strain energy density 
increment is a function of the memory stress (similar to a yield surface in incremental plasticity). When the damage 
reaches a critical value, the crack is extended in this orientation. This model does not rely on the stress intensity 
factor but on local hysteresis stresses that can only be obtained through extensive elastic plastic calculations. Based 
on this micro-mechanical model, it is not straightforward to select the most relevant criteria among those reviewed 
in Qian (1996). However, based on engineering judgment (knowing that the energy is a product of strain and stress), 
the criterion should lie between the maximum normal stress criterion and the maximum principal strain criterion. 
Comparison of three different models from Qian (1996) can be presented in the form of a 'KI-'KII locus is 
provided in Fig. 3. Larger uncertainties are related to pure mode II loading. The different models predict larger 
effective stress intensity amplitude for pure mode II than for pure mode I. The model based on the sum of CTOD 
and CTOS cannot be directly compared to the stress and accumulated plastic displacement as this model predicts an 
increase of the proportional C constant in the Paris law with increasing mode II contribution Zang et al. (2006). 
In pure mode II, this is the law that provides the fastest propagation rate. The crack propagation rate is given by: 
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It means that for a Paris exponent m=2 the crack propagation rate is 11 times larger in pure mode II than in pure 
mode I. In Zang et al. (2006), previous equation is successfully used to model fatigue biaxial loading of aluminum 
and steel materials. In both cases, the maximum normal stress criterion was used for the propagation angle. 
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Fig. 3 Fatigue locus according to different effective stress intensity factor. 
As too limited experimental data are available to invalidate the model based on the sum of CTOD and CTOS, the 
most severe criterion which is a combination of the accumulated plastic displacement and sum of displacement is 
recommended. 
7. Conclusion 
From this paper the following conclusions and recommendations can be given: 
 
x The definition of the driving force under mixed mode loading is well established in linear elastic fracture 
mechanics. For elastic plastic fracture mechanics, the partition of the J-integral in three modes is more complex 
and is not necessarily readily available in existing numerical codes. 
x The flaws found in the vessel of Doel 3 and Tihange 2 will be loaded predominantly in mode II. The effective 
stress intensity factor and the number of cycles are estimated to be relatively low. 
x Mixed mode fracture is relatively scarcely addressed in structural codes and standards although many articles on 
this subject can be found in open literature. 
x The R6 criterion is based on the normal stress. For brittle steel, the normal stress criterion is justified as all micro-
mechanical models for cleavage fracture of ferritic steel are strongly dependent on the maximum principal stress. 
This criterion is found to be conservative for ferritic steels. In absence of experimental data on Doel 3/Tihange 2 
representative material demonstrating the over conservatism of R6, it is recommended to use the R6 criteria and 
the normal stress propagation angle.  
x Growing crack will tend to reorient in pure mode I loading. In principle crack will grow according to the normal 
stress criterion. However some experiments suggest that crack could also grow according to the maximum shear 
stress criteria and reorient in pure mode I after a limited crack extension. 
x Due to lack of fatigue experimental data for representative reactor pressure vessel material, it is recommended to 
select the most conservative propagation law (i.e. combination of the accumulated plastic displacement and sum 
of CTOD and CTOS).  
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